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ABSTRACT
Outflows from starburst galaxies can be driven by thermal pressure, radiation and
cosmic rays. We present an analytic phenomenological model that accounts for these
contributions simultaneously to investigate their effects on the hydrodynamical prop-
erties of outflows. We assess the impact of energy injection, wind opacity, magnetic
field strength and the mass of the host galaxy on flow velocity, temperature, density
and pressure profiles. For an M82-like wind, a thermally-dominated driving mecha-
nism is found to deliver the fastest and hottest wind. Radiation-driven winds in typical
starburst-galaxy configurations are unable to attain the higher flow velocities and tem-
peratures associated with thermal and cosmic ray-driven systems, leading to higher
wind densities which would be more susceptible to cooling and fragmentation at lower
altitudes. High opacity winds are more sensitive to radiative driving, but terminal flow
velocities are still lower than those achieved by other driving mechanisms at realistic
opacities. We demonstrate that variations in the outflow magnetic field can influence
its coupling with cosmic rays, where stronger fields enable greater streaming but less
driving near the base of the flow, instead with cosmic rays redirecting their driving
impact to higher altitudes. The gravitational potential is less important in M82-like
wind configurations, and substantial variations in the flow profiles only emerge at high
altitude in massive haloes. This model offers a more generalised approach to examine
the large scale hydrodynamical properties for a wide variety of starburst galaxies.
Key words: ISM: jets and outflows – galaxies: starburst – hydrodynamics – cosmic
rays – radiation: dynamics
1 INTRODUCTION
Galactic outflows are present in star-forming galaxies and
have been observed in neraby starburst galaxies, e.g. Arp
220, M82 and NGC 253, and young galaxies further afield
(Frye et al. 2002; Ajiki et al. 2002; Ben´ıtez et al. 2002;
Rupke et al. 2005a,b; Bordoloi et al. 2011; Arribas, S. et al.
2014). These outflows generally have a bi-conical structure,
directed along the minor axis of their host galaxy, which gov-
erns the path of least resistance encountered by an otherwise
spherical wind (Veilleux et al. 2005), and they are powered
by starburst activity of the host galaxy. Outflow velocities
? E-mail: brian.yu.16@ucl.ac.uk (BPBY), el-
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can vary greatly, depending on the underlying driving mech-
anism of the wind. They have been measured from a few
hundred km s−1 in most cases, rising to a few thousand km
s−1 in certain extreme examples (Cecil et al. 2002a; Rupke
et al. 2005b; Rubin et al. 2014), while cosmic ray-driven cold
winds could be as slow as just a few tens of km s−1 (Samui
et al. 2010; Uhlig et al. 2012; Samui et al. 2018).
Galactic outflows are a multi-phase, multi-component
media (see Ohyama et al. 2002; Strickland et al. 2002; Melioli
et al. 2013; Mart´ın-Ferna´ndez et al. 2016), comprised of cool
semi-ionised clumps of gas (of temperature Tc ∼ 102 − 104 K
– see Strickland et al. 1997; Lehnert et al. 1999) entrained
within a hot (Th ∼ 107 K McKeith et al. 1995; Shopbell
& Bland-Hawthorn 1998), low-density X-ray emitting fluid
which may extend to altitudes of several kpc (Strickland
et al. 2000; Cecil et al. 2002b; Cecil et al. 2002a). Above
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this, there is a cap (in M82, this is observed at 11.6 kpc –
see Devine & Bally 1999; Tsuru et al. 2007), with the full
outflow structure extending to tens of kpc (see Veilleux et al.
2005; Bland-Hawthorn et al. 2007; Bordoloi et al. 2011; Mar-
tin et al. 2013; Rubin et al. 2014; Bordoloi et al. 2016). In
the hot fluid region of an outflow, cooling processes are pre-
sumably important and would have a significant impact on
the dynamics and evolution of the flow (Heckman 2003). In
winds of intensely star-forming galaxies, this can lead to sub-
stantial variation in the thermal properties throughout the
flow (see e.g. the profiles shown in Chevalier & Clegg 1985).
Processes including ionisation and mechanical shock heating
are also present alongside these cooling mechanisms (Hoopes
et al. 2003).
The physical origins and the driving mechanisms of
galactic outflows have remained unsettled since the first
discovery of an outflow in M82 (Lynds & Sandage 1963).
While they are fuelled by star-formation (predominantly by
the resulting supernova winds), outflow and galaxy proper-
ties have complicated inter-dependencies. The star forma-
tion rate (SFR) determines the intensity of the outflow, but
the outflow itself may hamper star-formation (Veilleux et al.
2005); galactic morphology shapes the path of least resis-
tance followed by an outflow, but the wind can blow away the
interstellar medium (ISM) to change the galactic morphol-
ogy (Cooper et al. 2008); the galactic mass and metallicity
decide how much of the outflow will be bound by the gravi-
tational potential and how quickly the outflow will cool, but
the outflow can launch matter (including metals) out of the
galaxy (Dave´ 2009), and the efficiency of mass entrainment
in the winds can vary according to various factors (Rupke
et al. 2005b). Moreover, galaxy properties evolve over red-
shift (Mannucci et al. 2010): galaxies in the early Universe
are bluer (Madau et al. 1996) and smaller (Dickinson et al.
2003) than those today, and this would have an effect on out-
flow properties and characteristics (e.g., see Sugahara et al.
2019). The driving mechanism(s) of an outflow are governed
by the properties of their host galaxy: while radiation pres-
sure may be important in a metal rich galaxy, thermal pres-
sure may dominate in a metal-poor galaxy (which would
also cool significantly more slowly). As such, a broad range
of hydrodynamical (HD) models have been developed to
account for different driving mechanisms. Early models in-
voked thermally-driven flows, where the confluence and adi-
abatic expansion of hot winds forms an outflow (Chevalier
& Clegg 1985; Silich et al. 2004). Later models explored the
role of radiation pressure, particularly on dusty winds – see
(Dijkstra & Loeb 2008; Nath & Silk 2009; Sharma & Nath
2013; Thompson et al. 2015) as well as cosmic rays (Ipavich
1975; Samui et al. 2010). In this paper, we present a gener-
alised model that takes all three of these driving mechanisms
into account. In section 2, the stationary solutions of each
of the individual HD models are explored, together with our
generalised model. The corresponding results (particularly
the profiles of the HD quantities) and their astrophysical
implications are discussed in section 3. We draw conclusions
in section 4.
Parameter Value Reference
rsb 200 pc Shopbell & Bland-Hawthorn (1998)ÛM 2.6 M/yr Veilleux et al. (2005)
ÛE 4.2 × 1041 erg/s Veilleux et al. (2005)
κ a 104 cm2/g Sharma & Nath (2013)
B0
b 50 µG Klein et al. (1988)
Mtot c 5.54 × 1011 M Oehm et al. (2017)
Rs c 14.7 kpc Oehm et al. (2017)
Rvir c 164 kpc Oehm et al. (2017)
Table 1. A list of reference parameters for a starburst system
representative of M82, as used for the baseline model in our HD
models. Notes:
a κ is the mean opacity of the wind, averaged over all frequencies.
b B0 is the maximum galactic magnetic field strength (external
to the wind).
c Mtot, Rs and Rvir are the parameters for the Navarro et al. 1996
(NFW) dark matter profile.
2 HYDRODYNAMICAL MODELS
In this paper, we assume that the development of a galactic
outflow can be ascribed to three major physical contributors:
the thermal content of the gas; radiation pressure; or cosmic
rays (hereafter CR). We calculate the stationary solutions of
the HD equations under these three potential driving scenar-
ios, together with a generalised prescription that combines
all three. In the following, we neglect the effect of turbulence
(i.e. we assume an inviscid flow) for analytical tractability,
and a spherically symmetric geometry is adopted through-
out. We outline the original HD models for each of the driv-
ing mechanisms in the following, and indicate the modifica-
tions we have made, leading to the generalised model which
we discuss in section 2.4. Unless otherwise stated, we adopt
reference model parameters to emulate a system similar to
M82, as summarised in table 1. The regime of validity of our
model requires that the ram pressure of the supersonic wind
should be higher than the ambient gas pressure. The ra-
dial profiles shown throughout this paper extend to 10 kpc,
much less than the virial radius, so that these constraints
are fulfilled.
2.1 Thermal outflows
2.1.1 Initial model
Chevalier & Clegg (1985, hereafter CC85) developed an an-
alytic model for thermally-driven outflows, and applied it to
describe the galactic wind from the starburst galaxy M82.
In this prescription, the HD equations are written as
1
r2
d
dr
(
ρvr2
)
= q , (1)
ρv
dv
dr
= −dP
dr
− qv , (2)
1
r2
d
dr
{
ρvr2
(
v2
2
+
γg
γg − 1
P
ρ
)}
= Qth , (3)
where r, v, P and ρ are radius, velocity, gas pressure and
density respectively. The flows of mass, momentum and en-
ergy are governed by equations 1, 2 and 3, respectively, and
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gravity is assumed to be negligible1. The adiabatic index
γg = 5/3 indicates that the outflow expands freely as the
thermal energy is converted to bulk kinetic energy. The in-
jection rates of mass and energy are assumed to be spatially
uniform up to a starburst radius rsb, outside of which they
are set to zero, i.e.
q =

3 ÛM
4pirsb3
if r < rsb
0 if r ≥ rsb
, (4)
Qth =

3 ÛE
4pirsb3
if r < rsb
0 if r ≥ rsb
, (5)
where ÛM and ÛE are the mass and energy injection rates.
As r → ∞, all thermal energy is converted to bulk kinetic
energy, and the terminal velocity of the flow is equal to v∞2 =
2 ÛE/ ÛM = 2Qth/q. By substituting equation 1 into 3, the sound
speed cs follows as
cs2 =
γgP
ρ
=
γg − 1
2
(
v∞2 − v2
)
. (6)
The position (r) and velocity (v) can be written in di-
mensionless form, as x = r/rsb and u = v/v∞ and the deriva-
tive du/dx follows (by substituting equation 6 into equation
2, see Canto´ et al. 2000; Rodr´ıguez-Gonza´lez et al. 2007) as
du
dx
=

u
(
1 + 5γg+1γg−1 u
2
)
x
(
1 − γg+1γg−1u2
) if x ≤ 1
2u
(
1 − u2)
x
(
γg+1
γg−1u
2 − 1
) if x ≥ 1 , (7)
which may be solved to give x(u) (note that its inverse func-
tion u(x) cannot be found analytically):
x =

Au
(
1 + 5γg+1γg−1 u
2
)− 3γg+15γg+1 if x ≤ 1
Bu− 12
(
1 − u2
)− 12(γg−1) if x ≥ 1 . (8)
The flow velocity must be single-valued for all x. By in-
specting the denominator in the two cases of equation 7, the
only way to satisfy this is to establish the following boundary
condition:
v2 (rsb) =
(
γg − 1
γg + 1
)
v∞2 , (9)
which can be used to specify the values of the integration
constants A and B in equation 8. A consequence of equation
9 is that v = cs at rsb (cf. equation 6), which defines a sonic
radius (the point at which the outflow becomes supersonic)
as rs = rsb. We show the full solution of the wind speed in
Fig. 1 together with the evolution of the sound speed, which
illustrates the outward acceleration of the wind during its
adiabatic expansion. The step-like nature of the mass injec-
tion term q (equation 4) leads to a sharp pressure gradient
1 This was justified by CC85 in that the terminal outflow velocity
exceeds the escape velocity by an order of magnitude. This is also
reinforced by the results from section 3.4.
0.5 1.0 5.0 10.0 50.0
r / rsb
0.0
0.2
0.4
0.6
0.8
1.0
v/
v wind speed
sound speed
Figure 1. Normalised profiles for the wind velocity (blue) and
local sound speed (red) in the thermally-driven outflow model.
The flow becomes supersonic at the starburst radius, rsb. The re-
gion inside the starburst nucleus is marked by the shaded area
(also in later figures), which is a small region compared to the
outflow wind zone. The internal region is of less interest in this
work because its structure is not well described by the current
HD approach. This is due to complicated details regarding the
exact stellar distribution (governing mass/energy injection), tur-
bulence, local ISM flows, CR diffusion Fujita & Mac Low (2018)
and magnetic fields (among other factors).
across the boundary at rsb. Beyond this, the wind is no longer
required to push against newly injected material and is able
to accelerate rapidly. We note that the values of rsb and v∞
have no influence over the dimensionless velocity profile in
Fig 1, which means that the velocity profile scales directly
with the starburst radius rsb and the injection parameters q
and Qth.
2.1.2 Radiative cooling
Radiative cooling was not included in the outflow model of
CC85. Cooling effects generally depend on both temperature
and density, and so could have substantial effects on the
hydrodynamic structure of a galactic wind. For instance,
thermal free cooling is strongly dependent on density and
would significantly affect systems with high mass outflow
rates. Silich et al. (2004, hereafter S04) developed a semi-
analytical model that takes radiative cooling into account
by adding an extra cooling term to equation 3,
1
r2
d
dr
{
ρvr2
(
v2
2
+
γg
γg − 1
P
ρ
)}
= Qth − C , (10)
where C = ρ2Λ/µ2 is the cooling rate, and µ = 1.4mH is the
mean particle mass. S04 adopted the cooling function Λ (T)
from Raymond et al. (1976) (assuming solar metallicity).
Note that we use Cloudy (Ferland et al. 2017) to generate a
cooling function that covers a wider temperature range. The
non-linearity of the cooling function necessitates a numerical
approach in order to solve the HD equations. We start by
MNRAS 000, 1–16 (2019)
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Figure 2. Velocity (panel 2a) and temperature (panel 2b) profiles for thermally-driven wind, where rsb and v∞ are equal to those from
table 1. The red curve represents the CC85 model for which radiative cooling is turned off, whereas green and blue curves do account
for radiative cooling. The wind represented by the blue curve cools significantly more rapidly than that for the green curve, as both its
mass and energy injection rate, ÛM and ÛE, are twice as much.
substituting equations 1 and 2 into equation 10,
dv
dr
=

(
γg − 1
) (Qth − C) + q (γg+12 v2 − 23 cs2)
ρ
(
cs2 − v2
) if r ≤ rsb,(
γg − 1
)
rC + 2γgvP
rρ
(
v2 − cs2
) if r > rsb.
(11)
From equation 2, the pressure gradient then follows as
dP
dr
=

−qv − ρv dv
dr
if r ≤ rsb ,
−ρv dv
dr
if r > rsb ,
(12)
and according to equation 1, the density can be expressed
as
ρ =

qr
3v
if r ≤ rsb ,
qrsb3
3r2v
if r > rsb .
(13)
These are solved by use of a Runge-Kutta method (e.g. Press
et al. 2007), adopting the following boundary condition at
r = 0:
ρ0 = µ
√
Qth − qcs,02/
(
γg − 1
)
Λ (T0)
, (14)
which is obtained by taking the limits of equations 11 and 13
as r, v → 0. Using equation 14, equation 6 and the ideal gas
law, the initial conditions ρ0, cs,0 and P0 can be determined
by using the appropriate T0. We note that the sign of the
denominator in equation 11 changes across rsb, which implies
that v = cs has to hold at rsb (or equivalently rs = rsb) for a
physical outflow solution. The true boundary condition can
then be found by iterating T0 until rs converges to rsb. The
process of finding the correct boundary condition in this way
is detailed further in S04.
We solve the HD equations numerically, and show the
resulting velocity and temperature profiles in Fig. 2 (panel
2a and 2b, respectively). Note that radiative cooling is
turned off for the result shown by the red curve, thus giv-
ing a result equivalent to CC85. Such an outflow wind ex-
pands adiabatically (P ∝ ργg), and the temperature drops
according to T ∝ r−2(γg−1). When the radiative cooling is
present, the wind temperature T (r) cools more rapidly when
the mass injection rate is higher. This is because the cooling
rate C = ρ2Λ/µ2 is scaled in proportion to the mass injec-
tion rate, in line with equation 13. We see this effect in panel
2b, where the blue curve falls much more rapidly than the
green curve (for which the SFR is twice as much). Addi-
tionally, the mass injection rate has an upper limit, beyond
which there will be cooling instability within the outflow.
Such limit scales as ÛMmax ∝ rsb.
2.2 Radiation-driven outflows
2.2.1 Dusty shells
Thompson et al. 2015 (hereafter T15) considered the mo-
mentum transfer arising from a point-like source of radia-
tion into dusty clouds to drive an outflow (in lieu of the
thermal pressure gradient invoked formerly in CC85). The
momentum equation is written as
ρv
dv
dr
= ρ frad + ρ fgrav =
ρκL
4pir2c
− GMρ
r2
(15)
(cf. equation 2). The driving force delivered by the radiation
ρ frad is governed by the density of the outflow wind material,
ρ, the radiation energy density, L/4pir2c (where c is the speed
of light), and the interaction cross section between the dust-
enriched wind and the radiation, as characterised by the
mean opacity over all wavelengths, κ.
T15 specifically modelled a dusty shell of mass Msh
driven by radiation from a massive star (M = 100M,
LUV = 107 L). The dust shell initially develops at a dis-
tance r0 from the star, being determined by the the dust
sublimation radius rsub, i.e.
r0 = rsub
= 5.28 × 10−4
(
LUV
107L
)1/2 ( Tsub
1, 500K
)−2
pc , (16)
MNRAS 000, 1–16 (2019)
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with the dust component being evaporated at closer dis-
tances. For a sublimation temperature of Tsub = 1500K, the
initial distance is r0 = 5.28 × 10−4 pc. The stellar spectrum
peaks in the ultra-violet (UV) band, however much of this
radiation is reprocessed to infra-rad (IR) by the dust. The
effects of the incident UV and reprocessed IR contributions
may be quantified together as
Mshv
dv
dr
=
(
1 − e−τUV + τIR
) LUV
c
, (17)
with the terms on the right hand side accounting for the
UV irradiation and its attenuation, and the re-radiated IR
respectively. The UV and IR optical depths in the shell are
given by
τi =
κiMsh
4pir2
=
ri2
r2
, (18)
with subscript i denoting either the UV or IR contribution as
required. At the initial (sublimation) radius r0, T15 adopts
optical depths of τIR (r0) = 300×Msh and τUV = 250 τIR (which
initially yields an optically thick shell to both UV and IR,
which becomes optically thin at larger distances), and con-
siders shell masses of 0.1, 1 and 10 M to solve equation 17
subject to the boundary condition that v (r0) = 0. This gives
v2 (r) = 2rLUV
Mshc
[H (r) − H (r0)] − κIRLUV2pic
(
1
r
− 1
r0
)
, (19)
where H (r) is a scale factor as a function of r, derived from
solving the UV irradiation and its attenuation, given by
H (r) = 1 − exp
(
− rUV
2
r2
)
−
√
pirUV
r
erf
( rUV
r
)
, (20)
where erf is the error function. We plot the shell velocity ac-
cording to the T15 prescription in Fig. 3 where the accelera-
tion is dominated by the IR contribution at small distances,
with further UV acceleration arising after the shell becomes
optically thin to IR radiation. A terminal velocity is attained
after the shell also becomes thin to the UV contribution. We
note that the regions governed by the IR driving effect (de-
noted by the dashed red line in Fig. 3) are independent of
the shell mass, Msh. The wind profile is also independent of
rsb, because the radiation arises from a point-source instead
of a starburst injection zone.
While T15 calculated the kinematics of the dusty shell,
Sharma & Nath 2013 (hereafter S13) showed that the cal-
culation can be generalised by modifying the HD equations
1, 2 and 3 to account for the impact of the radiative driv-
ing. Under their prescription, the HD equations of CC85 are
adopted and modified to
ρv
dv
dr
= ρ f − dP
dr
− qv , (21)
1
r2
d
dr
(
ρvr2
(
v2
2
+
γg
γg − 1
P
ρ
))
= Qth + ρFv , (22)
where the external force term is f = frad + fgrav and external
power term is Fv = Fradv + fgravv. S13 specifically considered
radiation driven by an active galactic nucleus (AGN) so that
frad = Frad, and solved the equations numerically by adopting
the boundary condition that rs = rsb. In the following, we
derive from this our model with a starburst nucleus instead
of an AGN.
10 3 10 2 10 1 100 101 102 103 104
r / pc
0
100
200
300
400
500
600
v/
km
s
1
Msh = 0.1 M
Msh = 1 M
Msh = 10 M
only IR
Figure 3. Velocity profile of dusty shells of mass 0.1, 1 and 10M
driven by stellar radiation from a massive star with M = 100M
and L = 107 L, where r0 = rsub, τIR (r0) = 300 × Msh and
τUV = 250τIR. The effect of IR contribution is shown by the dashed
curve, while the solid curves account also for the UV contribution.
We note that the shell velocity is inversely correlated to Msh.
2.2.2 Galactic winds
Equations 21 and 22 can be solved to give
dv
dr
=

(
γg − 1
) (Qth + ρFv) − γgρ f v + q(γg+12 v2 − 23 cs2)
ρ
(
cs2 − v2
) ,
rγgρ f v − r
(
γg − 1
)
ρFv + 2γgvP
rρ
(
v2 − cs2
) ,
(23)
for r ≤ rsb and r > rsb respectively, and
dP
dr
=

ρ f − qv − ρv dv
dr
if r ≤ rsb ,
ρ f − ρv dv
dr
if r > rsb ,
(24)
which may be compared to equations 11 and 12 in S04, where
radiative forces are absent. The inclusion of radiative forces
complicates the solution, because the numerator in equation
23 can now become negative at r < rsb if the energy density
of the radiation is larger than the thermal energy density
of the fluid. This causes the sonic radius to fall within the
starburst radius (rs < rsb). The HD variables v, ρ, P and dv/dr
can be calculated given the value of rs as both the numerator
and denominator of equation 23 vanish at the limit r → rs.
This allow rs to be determined by iteration until a solution
is found where v → 0 when r → 0. This approach is similar
to that adopted in Silich et al. (2011). If there is sufficient
thermal energy injection to enable rs = rsb, the correct ρ0
at r = 0 may be found iteratively by changing ρ0 until rs
converges to rsb.2
Following equation 15, the radiative force due to a star-
2 Note that from equation 13, dv/dr at r = 0 is equal to q/(3ρ0).
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Figure 4. Velocity profile of a radiation-driven wind using pa-
rameters from Table 1, where the energy injection is radiation
dominated ( ÛErad = 99% × ÛE). The mean opacity is κ = 104 cm2/g
for the blue curve, and four times higher for the red curve. The
wind speed in the red curve is approximately twice that of the
blue curve, consistent with the scaling relation u2 ∝ κ. Note that
the velocity gradient is discontinuous across rsb.
burst core in a galaxy may be expressed as
frad =

κLr
4pirsb3c
, if r ≤ rsb ,
κL
4pir2c
, if r > rsb ,
(25)
which is similar to the approach taken by S13. Some of the
energy from the radiation from the core is thermalised di-
rectly into the wind to contribute to the thermal gas pres-
sure gradient, while some transfers momentum directly. The
effective radiative power is
Fradv =
3κLv
16pirsb3cr
(
2rsbr −
(
r2 − rsb2
)
ln
r + rsb
|r − rsb |
)
, (26)
where Frad = frad at the limit where rsb → 0. We parametrise
L, the luminosity of the radiation generated, in terms of the
energy injection rate ÛE and the thermal, mechanical outflow
of the fluid, i.e.,
L = ÛE − ÛM
(
v2
2
+
cs2
γg − 1
)
. (27)
We further parametrise the relative distribution of energy in-
jected into radiation and the thermal fluid component, which
are represented by two terms, with ÛErad + ÛEth = ÛE.
Gravitational effects due to dark matter (DM) can be
considered by adopting an NFW (Navarro et al. 1996) den-
sity profile, such that the associated force may be written
as
fgrav = −GM (r)
r2
= −GMtotξ (r)
r2ξ (Rvir)
, (28)
ξ (r) = ln Rs + r
Rs
− r
Rs + r
, (29)
where Rvir is the virial radius, Mtot = M (Rvir) is the total
halo mass, and Rs is its scale radius.
We show the solution in Fig. 4 for the radiation-driven
outflow, adopting standard parameter values for rsb, ÛM, ÛE,
Mtot, Rs and Rvir (see table 1), and where the injection of
energy is dominated by radiation ( ÛErad = 99% × ÛE). Since
thermal energy is negligible, the wind reaches a supersonic
velocity below rsb. This causes the velocity gradient to be
finite at rsb (contrary to the case in section 2.1) and behave
as a step function across rsb. Note that u∞2 ≤ 2 ÛE/ ÛM, as the
radiation can escape the galaxy without getting absorbed. If
the wind is optically thin to the radiation, it can be shown
from equation 21 that u2 ∝ κ.
2.3 Cosmic ray outflows
2.3.1 HD model
Around 10% of the energy of a SN event is passed to cosmic
rays3 (CRs) which can contribute towards driving an out-
flow. Ipavich 1975 (hereafter Ip75) considered the injection
of CRs which couple to the ionised wind fluid. The momen-
tum equation is written as
ρv
dv
dr
= −dP
dr
− dPC
dr
+ ρ fgrav . (30)
The CRs form a relativistic non-thermal component of
the wind, which have negligible bulk kinetic energy but non-
negligible pressure. Energy is transferred from the relativis-
tic component to the thermal component of the wind at a
rate of I = − (v + vA) · ∇PC (where v is the bulk flow velocity
and vA is the Alfve´n velocity), allowing the energy equations
to be written as
1
r2
d
dr
(
ρvr2
(
v2
2
+
γg
γg − 1
P
ρ
))
= I + ρ fgravv , (31)
1
r2
d
dr
(
ρ (v + vA) r2 γC
γC − 1
PC
ρ
)
= −I , (32)
I = − (v + vA) dPCdr , (33)
where γC = 4/3 is the relativistic adiabatic index and vA is
the local Alfve´n speed. We consider that the magnetic field
within the flow is highly tangled. Thus, the Alfve´n speed
takes an effective value, i.e. setting vA = v˜A =
√
〈B2〉/√4piρ.
Suppose that non-directional magnetic flux conservation
holds despite the tangled magnetic field structure, then we
have
v˜A =
r02
√
〈B02〉
r2
√
4piρ
. (34)
In our formulation, magneto-hydrodynamic effects are ig-
nored. The magnetic field simply acts as a mediator between
the CR and gas components, through which energy transfer
is facilitated. Thus, the exact local structure of the magnetic
field is irrelevant. We may therefore adopt a parametrisation,
in which the field-gas coupling depends only the local root
mean square value of the magnetic field (and hence the local
averaged value of the magnetic energy density).
3 Variation of this percentage is seen in both theoretical and
observational works, suggesting a range between 7% (Lemoine-
Goumard et al. 2012) and 30% (Caprioli 2012; Fields et al. 2001).
10% is usually suggested or taken as a characteristic value (e.g.
Helder et al. 2009; Dermer & Powale 2013; Morlino & Caprioli
2012; Strong et al. 2010; Wang & Fields 2018).
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The effective sound speed c∗ follows as (see Samui et al.
2010)
c∗2 =
γgP
ρ
+
γCPC
ρ
(2v + vA)
(
v − (γg − 1) vA)
2v (v + vA)
, (35)
which then yields (following Samui et al. 2010, for the deriva-
tion)
dPC
dr
=
γCPC
ρ
2v + vA
2 (v + vA)
dρ
dr
, (36)
dP
dr
=
(
γgP
ρ
− γCPc
ρ
γg − 1
2
vA (2v + vA)
v (v + vA)
)
dρ
dr
, (37)
du
dr
=
2vc∗2 + r fgravv
r
(
v2 − c∗2
) . (38)
Ip75 solved these by establishing a critical point at
which both the numerator and denominator of equation 38
vanish. This leads to 2v2 = 2c∗2 = Vc2, where Vc =
√
GM/r
is the circular velocity, and this defines both v and c∗ at
this critical point. However, the resulting solution is diver-
gent towards r = 0 and it requires the gravitational force
to be strong, contrary to CC85. We show in the following a
derivation of the boundary condition in the case where fgrav
is small.
2.3.2 Boundary condition
As in section 2.1, we consider a starburst nucleus and estab-
lish the boundary condition v = c∗ at rsb. The HD equations
for r ≤ rsb are
dPC
dr
=
γCPC
ρ
2v + vA
2 (v + vA)
dρ
dr
+ C2 , (39)
dP
dr
=
(
γgP
ρ
− γCPC
ρ
γg − 1
2
vA (2v + vA)
v (v + vA)
)
dρ
dr
+ C1 , (40)
dv
dr
=
vc∗2 − r fgravv
r
(
c∗2 − v2
) + v (C1 + C2 + qv)
ρ
(
c∗2 − v2
) , (41)
with C1 and C2 defined as
C1 = −
3γgP
r
+
(
γg − 1
) (Qth
v
+
3ρv2
2r
− vA
v
C2
)
, (42)
C2 = −3γCPCr +
(γC − 1)QCR
v + vA
. (43)
We construct a boundary condition by starting a numerical
integration at r = 0. 4
By taking the limit r → 0, equations 31, 32 and 41 can
4 There are many valid approaches. We use a characteristic mag-
netic field strength following 〈 |B | 〉 = B0 r/rsb at r ≤ rsb to allow
us to find a boundary condition in a tractable manner. We note
that this approach is not physical – indeed, we would expect a
roughly uniform-strength characteristic mean magnetic field to
develop within the starburst radius. However, this region is not
of interest to our current work: we do not require the description
of the magnetic field inside the starburst region to be realistic, as
the external HD results are unaffected by the method adopted to
set a boundary condition.
102 103 104
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Figure 5. Velocity profile of the CR-driven wind (blue, ÛECR ≈ ÛE)
and thermally-driven wind (red, ÛEth = ÛE), using standard param-
eter choices (see Table 1). Note that γC < γg, PC falls at a slower
rate compared to P with galactocentric distance. As a result, the
cosmic rays drive the outflow less effectively than the thermal gas
pressure, as seen in the plot.
be solved to give
γC
γC − 1
v + vA
v
PC,0
ρ0
=
QCR
q
, (44)
γg
γg − 1
P0
ρ0
=
Qth
q
, (45)
where both PC,0 and P0 (i.e. their values at r = 0) must be
found by iteratively varying ρ0 until a condition is reached
such that a solution arises where rs converges to rsb. We
note that PC falls at a slower rate with r than P (because
γC < γg). This means that the CR component is less effective
in driving the wind compared to the thermal gas – this is
seen in Fig. 5, where we show that the velocity profile for the
CR-driven outflow is lower than the thermally-driven case
at all altitudes.
2.4 Generalised outflow model
Thermal energy, radiation and CRs can simultaneously drive
outflows. In this section, we introduce a general model which
accounts for all of these simultaneously. Just as S13 included
radiative driving in the CC85 thermally-driven HD model
(see section 2.2.2), we include radiative driving in the CR-
driven model (in section 2.3.1). Moreover, radiative cool-
ing (Section 2.1.2) can be included into this generalised ap-
proach. The full set of HD equations is
1
r2
d
dr
(
ρvr2
)
= q , (1)
ρv
dv
dr
= −dP
dr
− dPC
dr
+ ρ frad + ρ fgrav − qv , (46)
1
r2
d
dr
{
ρvr2
(
v2
2
+
γg
γg − 1
P
ρ
)}
= Qth − C + ρFradv + ρ fgravv + I ,
(47)
1
r2
d
dr
(
ρ (v + vA) r2 γC
γC − 1
PC
ρ
)
= QCR − I , (48)
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Section Model / Reference
Driving
mechanism
Convergent a
at r = 0
Outflow b
temperature
Radiative c
cooling
Gravitational
potential
2.1.1 Chevalier & Clegg (1985) Thermal pressure 3 3 7 7
2.1.2 Silich et al. (2004) Thermal pressure 3 3 3 7
2.2.1 Thompson et al. (2015) Radiative pressure 7 7 7 3
2.2.1 Sharma & Nath (2013) Radiative pressure 7 3 7 3
2.2.2 Yu et al. (2019) Radiative pressure 3 3 7 3
2.3.1 Ipavich (1975), Samui et al. (2010) Cosmic rays 7 3 7 3
2.3.2 Yu et al. (2019) Cosmic rays 3 3 7 3
2.4 Yu et al. (2019) Combined 3 3 3 3
Table 2. An outline of the HD models (including both the original models and the modifications adopted) discussed in section 2. Notes:
a For HD models which do not ”converge at r = 0”, the calculated stationary solutions do not produce physical results at r = 0 (which
may be justified if we are only concerned with the outflow profiles at larger scales). Although there are infinitely many initial conditions
to choose from, continuity in theory requires that u = 0 at r = 0. The other boundary condition at rsb is a natural choice, as qm and qe
change abruptly across the boundary of the starburst injection zone.
b The dusty wind model in Thompson et al. (2015) is a kinematic model that does not take account of the temperature of the fluid.
c It is possible to include radiative cooling as part of the modifications we introduced, but the stationary solution of the HD equations
is inhibited if the wind is not hot enough, due to cooling instability (a known issue as discussed in Silich et al. 2004). We therefore only
turn radiative cooling on if the corresponding stationary solution exists, which will be discussed in greater detail in section 3.6.
where, for completeness, we have replicated earlier equations
when they remain unchanged. Here, frad, Frad, fgrav, and I
can be found in equations 25, 26, 28, and 33 respectively.
With CRs, the luminosity L from equation 27 is modified to
L = ÛE − ÛM
(
v2
2
+
γg
γg − 1
P
ρ
+
γC
γC − 1
v + vA
v
PC
ρ
)
, (49)
where L is assumed to be unaffected by the gravitational
potential and cooling effect. The resulting HD equations may
be written as
dPC
dr
=
dPC
dr

CR
, (50)
dP
dr
=
dP
dr

CR
+
(
γg − 1
) (−C
v
+ ρFrad − ρ frad
)
, (51)
dv
dr
=
dv
dr

CR
+
(
γg − 1
) (−C + ρFradv) − γgρ fradv
ρ
(
c∗2 − v2
) , (52)
where dPdr

CR,
dPC
dr

CR and
dv
dr

CR are defined in equations 40,
39 and 41 respectively for r ≤ rsb and 37, 36 and 38 (respec-
tively) for r > rsb.
By the same process as described in section 2.3.1, we
find the boundary conditions to be
γC
γC − 1
v + vA
u
PC,0
ρ0
=
QCR
q
, (44)
γg
γg − 1
P0
ρ0
=
Qth − C
q
, (14)
where ρ0 is determined again by iterating its values until a
solution is found for which rs converges to rsb. We plot and
discuss the resulting solutions in section 3. A summary of
the HD models discussed in this section is presented in table
2.
3 RESULTS AND DISCUSSION
The generalised outflow model presented in section 2.4 al-
lows us to assess the role of each contributing driving mech-
anism. In practise, relevant parameters may be determined
from the observed physical properties of outflows and their
host galaxies. In this section, we demonstrate the effect of
model parameters on the HD variables (v, ρ, T , and P) along
an outflow. The impact of different energy contributions to
each of the wind components is considered in section 3.1.
The effects of the galactic magnetic field strength (B0) in
CR-driven winds and opacity (κ) in radiation-driven winds
are discussed in section 3.2 and 3.3 respectively, and gravita-
tional effects (e.g. due to the dark matter halo) are explored
in section 3.4. The values for the initial conditions can be
found in Table 3.
3.1 Driving mechanisms
The reference parameters shown in table 1 are adopted
as a baseline case, that takes into account the typical
properties of nearby star-bursting galaxy M82. To sim-
plify among the many possible scenarios, we compare
the contribution to the outflows from thermal, radia-
tion and CR physics by parameterising their respective
energy injection rates, and explore three fiducial cases,
namely
( ÛEth, ÛErad, ÛECR) / ÛE = (0.8, 0.1, 0.1) for hot, thermally-
dominated winds; (0.1, 0.8, 0.1) for radiation-driven winds;
and (0.1, 0.1, 0.8) for CR-driven winds. The results are shown
in Fig. 6 where the velocity, density, temperature and pres-
sures profiles are plotted in panel a, b, c and d respectively.
These show that the driving effect of thermal pressure is
more effective in accelerating a wind. This is followed by CRs
and then radiation. The velocity profiles of the thermally-
driven and CR-driven winds are consistent with the results
shown in Fig. 5, where the thermal gas pressure is most effec-
tive in driving an outflow due to the larger adiabatic index
allowing for a higher expansion rate. Radiation is the least
effective driving mechanism, because the wind is optically
thin to the radiation (if κ is not chosen to be unphysically
large) so most of the radiative energy escapes the galaxy
without contributing towards driving the wind. Radiation-
driven winds are the most dense, followed by CR-driven then
thermally-driven cases. The density profiles in Fig. 6, panel
b follow from the velocity profiles, given that ρ ∝ u−1.
Fig. 6, panel c shows that the thermally-driven wind
is the hottest, with its temperature profile being almost
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Figure 6. Plots showing the a) velocity, b) density, c) temperature and d) pressure profiles of the galactic outflows for which the
injection of energy is dominated by thermal energy (in red), radiation (in blue) and CRs (in green). In panel d, the dashed, solid and
dotted lines represent the ram pressure, thermal pressure and CR pressure, respectively. Note that the density, temperature and pressure
are plotted in logarithmic scales. This shows that the thermally-driven wind is the hottest, the radiatively-driven wind is the coldest and
most dense, and the CR-driven wind has the highest CR pressure. The standard parameters from Table 1 were used.
identical to that of Fig. 2. The temperature profiles of the
thermally-driven and radiation-driven winds are similar, but
the former is eight times hotter. This follows from the tem-
perature profile being strongly influenced by ÛEth. While ÛEth is
the same for radiation-driven wind and CR-driven wind, the
CR-driven system is hotter because of the transfer of energy
from the CR fluid to the thermal gas (cf. equation 33). Such
differences in the temperature profiles emerge more clearly
at higher flow altitudes. This is because the transfer of en-
ergy is cumulative. Note that the effect of radiative heating
can be seen from the slight increase of temperature on the
blue curve at r < rsb, which would otherwise be absent if
Frad = frad (compare equations 25 and 26).
Fig. 6, panel d shows the effective outflow pressure con-
tributions, and how this varies along the outflows. The re-
sults are consistent with the results in the other panels: the
ram pressure Pram = ρu2 is plotted with dashed lines and be-
comes dominant in regions where the flow velocity is greatest
(cf. panels a and b); the thermal pressure P = ρT/γg is shown
using solid lines, and is greatest at the base of the outflow
where temperatures are highest (cf. Fig. 6, panels b and c);
the CR pressure PC is shown using dotted lines, and follows
from equation 44 and panel b (where PC/ρ ≈ QCR/q). Note
that the decay rate of PC is lower than that of P, which veri-
fies the difference in their adiabatic expansion rate as follows
from γC < γg.
3.2 Magnetic field
The magnetic field strength governs the degree to which
the CR and thermal components of an outflow are cou-
pled, as is explored in Fig. 7 where we show the veloc-
ity, density, temperature and pressure profiles for outflows
where different magnetic field strengths have been adopted
in panels a, b, c and d, respectively. On the right, we show
the corresponding residual plots, which are normalised to
the case where B0 = 0 (the red line). Note that the green
curve (B0 = 50 µG) is equivalent to the CR-driven outflow
shown in Fig. 6. We see that, among the HD variables, the
flow temperature is the most sensitive one to the magnetic
field strength. When B0 = 0 µG, the wind temperature at
r = 1 kpc would be around 8 times lower compared to the
case where B0 = 100 µG. This is because the energy from the
CRs is transferred to the thermal gas by two different chan-
nels, via thermal energy and via the bulk kinetic energy as
quantified by equation 33. vA is proportional to the magnetic
field strength, so when B0 = 0 µG, then vA = 0 and the CRs
cannot couple with a magnetic field to facilitate the transfer
of thermal energy to the wind. As such, they cannot heat
the wind fluid via the damping of Alfve´n waves which they
would otherwise excite, and the wind is colder as a result.
We find that stronger magnetic fields also lead to lower
outflow velocities at all galactocentric distance, although
this is especially pronounced slightly above the starburst
radius where CR heating via the streaming instability is
strongest (see panel c). Greater coupling between the CR
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Figure 7. a) Velocity, b) density, c) temperature and d) pressure profiles of CR-driven outflows are plotted on the left panels, where B0
is varied between 0µG (in red), 5µG (in yellow), 50µG (in green) and 100µG (in blue). The right panels are the corresponding residual
plots normalised to the case where B0 = 0µG. This shows that, when B is higher, more energy is transferred from the CRs to heat up the
thermal gas. This competes with the adiabatic cooling of the thermal gas during the wind expansion, and causes the pressure gradient
in the wind to be lower, leading to a lower flow velocity.
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Figure 8. a) Velocity, b) density, c) temperature and d) pressure profiles of radiation-driven outflows are plotted on the left panels,
where κ is varied between 0 cm2/g (in red), 103 cm2/g (in yellow), 104 cm2/g (in green) and 105 cm2/g (in blue). The right panels are the
corresponding residual plots normalised to the case where κ = 0 cm2/g. When κ is low, the wind is mostly driven by thermal pressure and
CRs even though most of the energy is injected as radiation. Radiation is important only when κ is sufficiently high for the wind to be
optically thick.
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Figure 9. a) Velocity, b) density, c) temperature and d) pressure profiles of galactic outflows are plotted on the left panels, where Mtot
is varied between 0 (in red), Mtot,M82 = 5.54× 1011M (in green) and 5×Mtot,M82 (in blue). The right panels are the corresponding residual
plots normalised to the case where Mtot = 0. This shows that the effect of the gravitational potential is cumulative across r . As such it is
unimportant at low galactocentric distance but, if the galaxy is massive enough, the galactic wind can be significantly impeded or even
bound by the gravitational potential.
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component of the wind and the thermal component leads
to more powerful energy transfer rates and higher tempera-
tures. However this process particularly elevates the temper-
ature just above the starburst radius, causing a reduction in
the thermal pressure gradient. The result is a lower driving
effect that yields a slower flow velocity (although the termi-
nal wind velocity at r → ∞ would not be affected). These
results are consistent with the profiles for thermal pressure
and ram pressure in panel d. At lower altitudes, within the
starburst radius, stronger magnetic fields yield a lower CR
pressure (cf. equation 44). This effect can be understood in
terms of the Alfve´n velocity, which is higher in stronger mag-
netic fields, allowing for a faster propagation of CRs away
from their injection point in this region (where the bulk flow
velocity v is comparatively negligible).
3.3 Opacity
The mean opacity (κ) of an outflow affects how strongly the
gas is driven by radiation. This is because it governs the
rate at which radiation can be absorbed by the wind ma-
terial, and how quickly momentum may be transferred. We
explore the sensitivity of the HD quantities to variations in
flow opacity in Fig. 8 for a radiation-driven wind. A refer-
ence case with κ = 0 is plotted in red, which would represent
a wind fully driven by thermal and CR pressure. We note
that the green curve with κ = 104 cm2/g is equivalent to the
radiation-driven outflow in Fig. 6. It can be seen that, as κ
increases, more energy and momentum is transferred from
the radiation to the outflowing gas, and radiative heating
becomes more powerful. This is demonstrated in panels a
and c, where the wind velocity and temperature are indeed
higher with increasing κ – an effect that is also consistent
with the ram pressure profile in panel d. Moreover, the wind
density (panel b) is lower with higher opacities, correspond-
ing to the inverse relation between density and flow velocity.
High values of κ similarly lead to lower CR pressure. This
follows from the reduced CR density, caused by their ad-
vection in a faster wind. The impact on thermal pressure
is more complicated: thermal energy is increased by higher
opacities due to enhanced radiative heating. However, the
thermal pressure usually drops because the increase in wind
velocity is more important. An exception arises in the vicin-
ity of rsb, where the rise in wind temperature is maximised,
but the increase in wind velocity is minimal.
We note that, although we have considered models
where the energy injection is dominated by radiation, much
of the available radiative power escapes from the (optically
thin) wind – unless unphysically high mean opacity val-
ues are adopted. In reality, some spectral lines may cause
the wind to be optically thick to certain wavelengths. If
these lines correspond to frequencies at which the irradiating
spectrum contains substantial power, the transfer of energy
may be sufficient to produce a line-driven outflow (see, e.g.,
Lamers & Cassinelli 1999). This means that the properties
of the line-driving mechanism cannot be explained using the
mean opacity approach alone, with more careful considera-
tion of the source spectrum and wind composition being
required. Such matters are beyond the scope of the current
paper, and are left to follow-up studies.
3.4 Gravitational potential
The gravitational potential of a massive galaxy influences
the hydrodynamics of any ensuing outflow wind. If strong
enough, it can even prevent the escape of wind material,
keeping it gravitationally bound if wind speeds are suffi-
ciently low. In this section, we assess the importance of the
host galaxy mass Mtot – presumably dominated by the dark
matter (DM) halo – in impeding an outflow. We assume
a NFW-like DM halo with size and concentration specified
by the reference values from Table 1, which are consistent
with an M82-like galaxy (Oehm et al. 2017). Our results
are plotted in Fig. 9, with Mtot = 0 (i.e. no gravitational ef-
fects) given by the red line, Mtot = Mtot,M82 (green line) as a
reference model, and Mtot = 5 ×Mtot,M82 as an extreme com-
parison (blue line). This shows, unsurprisingly, that larger
halo masses will depress outflow wind velocities and, in ex-
treme cases, can prevent the onset of a terminal velocity.
The discrepancy with respect to the fiducial case becomes
more substantial at larger flow altitudes where the cumu-
lative work done by a wind in climbing out of the gravita-
tional potential is greater. While the gravitational potential
of M82 is not deep enough to change the velocity profile
of its outflow significantly, the impact is much more appar-
ent when the halo mass is increased fivefold, as shown in
panel a. Lower flow velocities associated with deeper grav-
itational potentials will yield higher outflow densities (see
panel b), as follows from mass continuity. The pressure and
temperature profiles (panel d and c respectively) behave in
a similar way to the density profile. This is because the adi-
abatic expansion of the wind yields P ∝ ργg , PC ∝ ργC and
T ∝ P/ρ ∝ ργg−1. The halo concentration Rvir/Rs would af-
fect an outflow in a similar manner to its total mass. This
is because the size of the entire halo is determined by the
virial radius Rvir, which is typically an order of magnitude
greater than the visible scale of an outflow. Increasing the
concentration will therefore amplify the density of the DM
halo around the outflow and would steepen the gradient of
the gravitational potential, making it harder for a wind to
escape.
3.5 Astrophysical implications
Galactic outflows have an important role in the co-evolution
of their host galaxies, circumgalactic environments and the
intergalactic medium. They are expected to advect cos-
mic rays into circumgalactic and intergalactic space, where
they may amplify intra-cluster/intergalactic magnetic fields
through resistive generation as cosmic rays escape from
galaxies during the cosmic dawn (Miniati & Bell 2011;
Beck et al. 2013; Lacki 2015) or by driving the build-up
of magnetohydrodynamical instabilities in weak seed mag-
netic fields (Bell 2004; Miniati & Bell 2011; Samui et al.
2018). This may contribute to the growth of cosmological
magnetic fields (Kronberg 2016; Durrer & Neronov 2013)
as might be detected by e.g. co-variant polarised radiative
transfer methods (Chan et al. 2019). Cosmic rays may also
deposit energy to heat and ionise matter at high flow al-
titudes (Owen et al. 2019a) possibly reaching into the cir-
cumgalactic and/or intergalactic medium, and this may con-
tribute to the progression of cosmic pre-heating and reion-
isation (e.g. Sazonov & Sunyaev 2015; Leite et al. 2017).
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Figure Label T /K n / cm−3 P / erg cm−3 PC / erg cm−3 v / km s−1
6 therm 1.382×107 1.199 2.287×10−9 1.060×10−10 0
6 CR 1.727×106 2.061 4.914×10−10 1.293×10−9 0
6 rad 1.727×106 3.181 7.583×10−10 2.238×10−10 0
7 B0 = 0 µG 1.727×106 1.452 3.461×10−10 1.730×10−9 0
7 B0 = 5 µG 1.727×106 1.515 3.612×10−10 1.678×10−9 0
7 B0 = 50 µG 1.727×106 2.061 4.914×10−10 1.293×10−9 0
7 B0 = 100 µG 1.727×106 2.555 6.091×10−10 1.024×10−9 0
8 κ = 0 cm2/g 1.727×106 3.280 7.818×10−10 2.289×10−10 0
8 κ = 103 cm2/g 1.727×106 3.269 7.794×10−10 2.284×10−10 0
8 κ = 104 cm2/g 1.727×106 3.181 7.583×10−10 2.238×10−10 0
8 κ = 105 cm2/g 1.727×106 2.597 6.190×10−10 1.925×10−10 0
9 Mtot = 0 1.382×107 1.192 2.273×10−9 1.054×10−10 0
9 Mtot = Mtot,M82 1.382×107 1.199 2.287×10−9 1.060×10−10 0
9 Mtot = 5 ×Mtot,M82 1.382×107 1.230 2.346×10−9 1.081×10−10 0
Table 3. The initial conditions of the results in Section 3. The values of the hydrodynamical variables at r = 0 (T , n, P, PC, and v) are
unique, which satisfy the boundary conditions v = 0 at r = 0 and v = c∗ at r = rsb. All values are rounded to 3 significant figures.
These advected cosmic rays may also provide pressure sup-
port around and between galaxies to balance against grav-
itational collapse in low-redshift clusters (Suto et al. 2013;
Biffi et al. 2016) or affect the separation of bright neigh-
bouring star-forming galaxies at high-redshift (Owen et al.
2019a).
Outflows are also able to transport matter and metals
beyond the interior of a galaxy (e.g. Songaila 1997; Ellison
et al. 2000; Bertone et al. 2005; Aguirre et al. 2005), and this
has implications for subsequent star-forming episodes and
cooling flows into and out of the interstellar/circumgalactic
domain. Outflows modulate the mass-metallicity relation
(e.g. Tremonti et al. 2004; Gallazzi et al. 2005) and, along
with the merger history, control the radial gradients of chem-
ical composition in galaxies. The ability of outflows to re-
alise their feedback potential is inextricably linked to their
HD properties and their driving mechanisms. For instance,
winds at high altitudes which would be the most important
in transporting cosmic rays, hot gases and metals far into
the intergalactic medium are thought to be driven predom-
inantly by cosmic rays (Jacob et al. 2018), while the faster
winds that are able to transport energy and matter more
quickly are instead more likely to be thermally-driven (cf.
Fig. 6). As such, being able to identify the nature of an
outflow engine out to high-redshift in a way that simulta-
neously accounts for the possible contributions of multiple
driving mechanisms is a very powerful probe of the extent to
which feedback effects can be induced and sustained by ob-
served galaxy populations. Providing access to outflow prop-
erties in the high-redshift Universe opens up new avenues to
trace the evolution of galaxies, outflows and the action of
(chemical and energetic) galaxy-scale feedback over cosmic
time. A possible diagnostic to test this model would involve
a battery of emission line measurements that are sensitive to
differences in the physical properties of the outflowing gas,
as it climbs out of the central regions of the galaxy. We will
explore this methodology in a future paper.
3.6 Additional remarks
The HD models described in this work invoke a number
of assumptions, chief among which is the flow being con-
sidered in a steady-state. This requires that the outflow
timescale5 (∼20 Myr for M82, when the cap of the outflow
is at 11.6 kpc, e.g. Devine & Bally 1999; Tsuru et al. 2007)
is substantially shorter than the duration of the starburst
episode driving it (∼100s of Myr, e.g. McQuinn et al. 2010;
Hashimoto et al. 2018; McQuinn et al. 2018; Owen et al.
2019b), a result supported by observations. This means that
the mass and energy injection rates remain roughly steady,
and a stationary outflow can therefore develop. A further
requirement is that the radiative cooling timescale of the
wind must be greater than the outflow timescale, otherwise
the stationary flow solution is inhibited by run-away cool-
ing and clumping before the outflow reaches its full extent.
Such cooling/clumping would be expected in an M82-like
outflow, and this is reflected in our results: we find that sta-
tionary solutions can generally be found only when radia-
tive cooling is turned off for the cases considered in section
3 and run-away cooling is artificially prevented. More gen-
erally, the stationary approximation for the outflow model
enforces further assumptions regarding the micro-physics of
the system. For example, the outflow is assumed to be in-
viscid, i.e. with no turbulence. This excludes micro-physics
such as shock formation, wave propagation in an inhomo-
geneous wind medium and, perhaps most importantly, the
multi-component multi-phase nature of a galactic outflow.
These detailed matters can be taken into account in numer-
ical HD simulations as demonstrated in, e.g., Scannapieco &
Bru¨ggen (2010); Fujita & Mac Low (2018), but they come at
the expense of the analytical simplicity and computational
speed of the present approach.
We adopted solar metallicity abundances in our calcula-
tions, but in reality this may vary between starburst galax-
ies. Such an approximation would mainly affect the cool-
ing rate (e.g. higher metallicity gases will typically undergo
radiative cooling more quickly, Sutherland & Dopita 1993)
and the mean molecular mass which determines tempera-
ture via the ideal gas law. We have used a mean molecular
mass of µ = 1.4mH in line with Veilleux et al. (2005), but
5 This is defined as the timescale required for the wind flowing
at its terminal velocity to traverse the distance from the base to
the cap of the outflow.
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other works have adopted either slightly different values of
µ = 14/11mH (e.g. Wu¨nsch et al. 2007), or substantially
different values of µ = 14/23mH (e.g. Silich et al. 2005). A
more rigorous treatment would take into account that the
mean molecular mass is also dependent on the temperature,
which governs the ionisation and recombination processes
of electrons and ions in the wind (as modelled by the Saha
equation).
4 CONCLUSIONS
In this work, we investigate the hydrodynamics of galac-
tic outflows driven by three fundamental mechanisms. We
adopt an analytical approach to determine the structures of
thermal, radiative and cosmic ray-driven galactic outflows
by solving the corresponding HD equations. We present a
simple, phenomenological model which accounts for the con-
tribution from all three mechanisms simultaneously. This
model offers a generalised formulation for the study of the
effects of all three driving mechanisms to the large scale hy-
drodynamics of galactic outflows.
For a starburst galaxy (such as the nearby M82), a
thermally driven wind delivers the fastest and hottest out-
flow, the radiation driving mechanism is unable to develop
a high velocity wind for realistic opacities, and cosmic rays
yield less driving near the starburst nucleus compared to a
thermally driven wind, becoming instead more important
at larger galactocentric distances. A radiation-dominated
outflow yields a slower wind that features a higher density
throughout its extent compared to the other driving mecha-
nisms. This makes the resulting outflow more susceptible to
cooling and fragmentation, particularly at low galactocentric
distance, where the densities are the highest.
We also assess the role of magnetic field, opacity and
the gravitational potential due to the galactic mass in de-
termining the subsequent properties of an outflow wind. We
find that the magnetic field strength influences the coupling
between a wind and the CR component, with stronger fields
facilitating CR streaming to refocus much of their driving
effect to higher altitudes. Increasing the wind opacity leads
to more effective radiative driving, but velocities competi-
tive with the other two driving mechanisms can only be at-
tained when the opacity is unphysically high. Although the
gravitational potential of M82 is not deep enough to impact
the kinematics of its powerful outflow, the gravitational im-
pact can be more significant in more massive galaxies which
are strongly star-forming, such as the progenitors of the red
nuggets found at cosmic noon.
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